Multi
Introduction
A number of researchers proposed closed-form solutions for stresses in laminated stacks subjected to temperature gradient. These closed-form equations offer a rapid method to obtain stresses in the materials and the interfaces. Hence, in the microelectronics industry it is very common to use elastic analysis to analyze and design these laminated stacks.
Delamination of the interfaces and shear fatigue of the adhesive material are the critical failure modes for these structures.
Comparisons between the elastic and the inelastic results are presented to demonstrate that elastic analysis significantly overestimates the maximum shear stress because of stress singularity near the free edge. Finite element analysis is often used to prove the accuracy of closed-form solutions, Chen et al. ͓1͔, Glaser ͓2͔, Jiang et al. ͓3͔ and many others. In this study, it is shown that, there is a significant difference between the FEA results obtained from different meshes and closed-form solutions. It is also shown that for design and reliability analysis thermo-viscoplastic analysis is a more accurate procedure. Experimental results for a layered package are also presented to show that elastic analysis is too conservative.
Bi-metal thermostat beam theory was first addressed by Timoshenko ͓4͔. Thermal stresses in multilayered beams and plates has also been studied by Boley and Testa ͓5͔, Wang and Crossmann ͓6͔, Grimado ͓7͔, Wang and Choi ͓8͔, Chen et al. ͓1͔, Chang ͓9͔, Saganuma et al. ͓10͔, Blech and Kantor ͓11͔, and Kuo ͓12͔, Reddy and Miravete ͓13͔, Hutchinson ͓14͔ and others. In recent years thermal stresses in multilayered assemblies have received a significant amount of attention in the field of electronic packaging. Thermal stresses in bonded joints within microelectronics devices were first studied by Dash ͓15͔ . A number of papers proposed various approximate methods to predict the freeedge interlaminar stresses introduced by thermal and mechanical loads. Some of the papers published on this subject are- Taylor Most of the proposed methods are aimed at the evaluation of stresses in the layers themselves and therefore can be used only for an indirect judgment of the level of interfacial stresses where delamination and peeling takes places.
Suhir ͓28-31͔ proposed an analytical procedure, widely known as the Suhir solution, for predicting the magnitude and the distribution of thermal stresses in single and multilayered heteroepitaxial structures. The Suhir solution is the most commonly used benchmark analytical procedure in the electronic packaging literature. He suggested a theoretical model taking into account the elastoplastic behavior of the attachment material and, in particular, of solder interconnections. Suhir introduced a concept of longitudinal and transverse interfacial compliance and combined them into an engineering approach to estimate the thermal stresses in two-layered bonded finite joints. Later Suhir extended his approach to multilayered thin stacks by making certain assumption on the compatibility condition of the interface and introduced an interface compliance. Pao and Eisele ͓34͔ extended Suhir's elastic bimetal model to multilayered thin stacks without imposing any additional assumptions on the interface.
The main drawback of analytical solutions is that they cannot be used for analysis of structures with irregular geometry, nonsmooth boundaries, and varying material properties. The stress equilibrium in the direction normal to the layers is not satisfied unless an additional concentrated force is introduced at the free edge.
It has been shown by Bogy ͓17,18͔, Hein and Erdogan ͓19͔, Yin ͓33͔ and others that an exact analysis with strict adherence to the constitutive relations of linear elasticity yields a stress singularity at the intersection of the free edge with an interface. Such a stress singularity cannot be directly determined by the standard elastic finite element analysis alone. Asymptotic analysis is needed to determine the stresses in the near-tip stress field, Lee and Jasiuk ͓36͔. In real life, this stress singularity does not exist. Once the stress level reaches the yield strength of the material it yields and stress is redistributed to neighboring points. Therefore using an inelastic constitutive model better simulates the actual phenomenon that takes place in the material.
In this study we show that the elastic FEA results are strongly mesh sensitive, in particular, near the free edge where there is stress singularity. Since the adhesive layer is designed for the maximum stresses at the free edge, maximum values obtained from the analysis are critical. It should be pointed out that the mesh sensitivity discussed here is not the monotonic convergence of FEA results by mesh refinement. It is very well known that in a monotonically converging FEA as the mesh is refined the results converge to the exact solution of the partial differential equation. The mesh sensitivity encountered in bimaterial structures is due to the stress singularity near the free edge. As the element size near the free edge gets smaller the singularity is localized and stress level in that element increases.
It is well known that most commonly used bonding material in microelectronics industry is Pb/Sn solder. This material operates at high homologous temperatures due to its low melting point 183°C. The dominant failure mode for Pb40/Sn60 material under thermal cycling is creep-damage, Basaran ͓37͔, Zhao et al. ͓38͔. Hence, special attention is paid to the viscoplastic behavior exhibited by the adhesive solder material. Therefore the closed-form solutions proposed in the literature can only be used to get a preliminary estimate of stresses and strain in the adherent layers but not the adhesive layer or the interfaces.
Elastic Analysis
The purpose of this section is to show that elastic FEA is mesh sensitive for laminated structures mainly due to stress singularity. ABAQUS elastic analysis results are compared with Suhir solution.
Three meshes with significantly different refinement levels are used to exhibit mesh-sensitivity of this problem. One is relatively fine mesh with 1380 elements, one is very fine mesh with 6440 elements, and one is extremely fine mesh with 9900 elements. The smallest element dimension in the finest mesh ͑25 m͒ is at the same order as single Pb/Sn solder grain diameter, ͑usually between 5 m to 25 m͒. The structure is modeled with 8 node plane strain elements. The geometry and material properties of the model, Fig. 1 , are taken from Glaser ͓2͔ for comparison purposes.
The adhesive layer shear stress distributions along the interface are shown in Fig. 2͑a͒-Fig. 2͑c͒ for three different mesh refinement cases. Significant discrepancy occurs among the FEA results, as well as between the FEA results and that of the Suhir solution. Even though the results are qualitatively comparable, they are quantitatively quite different. For the first case, the maximum shear stress in the adhesive layer is 77 MPa, compared with 95 MPa for the second case and 103 MPa for the third case, a 34 percent difference between mesh 1 and mesh 3. In Suhir's closedform solution there is no singularity close to the edge, and the maximum value 115 Mpa occurs at the point of the free edge. The difference between the maximum value from the Suhir solution and the finest mesh is 11 percent and the difference between the coarsest mesh and the Suhir solution is 49 percent. This difference proves that elastic FEM with standard formulation cannot be used to judge quantitative accuracy of analytical solutions.
The adhesive layer transverse normal ͑peeling͒ stress distribution is shown in Fig. 3͑a͒-Fig. 3͑c͒ for three different meshes. The stresses shown in the figures are Gauss point average element stresses. In finite element analysis results there is a peak in the negative area as well as a sharp peak near the free edge for all refinement levels. The peeling stress also drops dramatically near the free edge except for the coarse mesh. The stress drop near the free edge is due to the stress free boundary condition. The coarse mesh cannot capture this drop due to the stress singularity and the very low stress values are in the same element. In the first case, the peak value is 25.5 MPa, while the minimum is Ϫ23.3 MPa. In the second case, they are 46 MPa and Ϫ12.3 MPa, and in the third case they are 57.2 Mpa and Ϫ12.4 Mpa. The transverse normal stress distribution calculated from Suhir's equation yields a maximum value of about 40 Mpa, and there is no compression zone. The difference between the Suhir solution and the courses mesh and finest mesh is 56 percent and 30 percent, respectively. Both FEA and closed-form solution yield high shear and peeling stresses near the free edge and almost no stresses in most of the inner part of the interface. This type of stress distribution does not agree well with our experimental observations discussed later in the paper. Actual stress distribution does not have extreme stress gradients; change is smooth and gradual.
Elasto-Viscoplastic Analysis
In this part of the study the thin adhesive layer is modeled with the viscoplastic constitutive model in ABAQUS and the adherent layers as elastic materials.
In viscoplastic analysis, the layered assembly is subjected to a uniform temperature change from 27°C-147°C. The shear and peeling stress distributions are plotted in Figs. 4 and 5. In Elastoviscoplastic analysis the stresses are spread over a wider zone near the free edge. About 20 percent of the total length is subjected to a relatively uniform shear stress compared to a very narrow region Transactions of the ASME in elastic analysis. The peeling stress starts to change from zero at the point of 0.64 L, compared to the critical point 0.8 L in the elastic case. This is in spite of the fact that the temperature gradient used in the viscoplastic analysis is much smaller. This indicates that in viscoplastic analysis the stress is actually relaxed and is spread to nearby area by inelastic deformation. In the three cases of different mesh refinement the stress distributions along the interface are almost the same, except that there is some fluctuation of peeling stress distribution in the case of the coarsest mesh. Compared to elastic analysis, the results are not sensitive to mesh refinement in viscoplastic analysis. The shear stress in adhesive layer is 14.8 for the mesh with 1380 element and 15.0 MPa for the other two meshes. The peeling stress is 5.2 Mpa for the coarsest mesh, 10.4 for the medium, and 10.6 for the finest mesh. Based on this comparison one can say that rate dependent analysis yields significantly less mesh sensitive results for this problem.
Thermo Elasto-Viscoplastic with Damage Analysis
The material model used in this part of the study is based on continuum damage mechanics formulation
where d i j is the incremental average stress tensor, D is the isotropic accumulated damage, C i jkl is the tangential constitutive tensors, and d i j is the incremental total strain tensor. Assuming small strain deformations total strain can be given by summation of strain increment tensors,
where d i j e , d i j , and d i j v p are the elastic, thermal, and viscoplastic strain increments. The elastic and thermal components of strain tensor are easily obtained from the elasticity relations. The viscoplastic component of the strain is obtained by using a creep rate function for the steady-state regime.
A sine hyperbolic creep law is used to simulate the two regimes of creep process, namely, power law creep ͑glide and climb͒ and power-law creep breakdown ͑obstacle controlled glide, cross slip͒, Hacke et al. ͓39͔. The adopted creep law takes into account grain size of the solder material. This is very important since it is well known that grain size significantly affects the mechanical behavior of two phase solder alloys, Kashyap and Murty
where, A, B, m, n are material constants, d is the average grain size, in m, Q is the apparent creep activation energy, eff is the von Mises equivalent stress in MPa, R is gas constant, T is material temperature, in Kelvin and F is the yield criterion The yield surface is given by
where eff is the effective von Mises stress, R is the evolution of the size of yield surface and k 0 is the initial size of the yield surface.
Damage Evolution Function
Traditionally norm of plastic strain has been used to quantify damage. Plastic strain is a path dependent value in a numerical analysis. Different plastic strain values can be obtained for the same state of stress according to the stress path followed. Basaran and Yan ͓41͔ have shown that entropy of a system can be used to quantify damage. Using second law of thermodynamics and statistical continuum mechanics the following damage evolution function can be derived, Basaran and Yan ͓41͔
where, N 0 is the Avogadro's number, k is the Boltzmann's constant, is the temperature in Kelvin, m s is the specific mass, is unit weight, i j is stress tensor, d i j in is the increment of inelastic strain, q i is heat flux, and ␥ i is the heat production. In this analysis, relatively coarse meshes were used to show that for thermoelasto-viscoplastic with damage analysis results are not mesh sensitive. Mesh I has 232 elements, mesh II has 390 elements, and mesh III has 416 plane strain 8-noded elements. Figure 6 and Fig. 7 present the adhesive layer shear stress and adhesive layer peeling stress distribution along the interface.
Closed-form solution calculated from the Suhir solution, elastic FEM results, and thermo-viscoplastic with damage results are plotted on the same figure in Fig. 8 and Fig. 9 , for adhesive layer shear stress and peeling stress, respectively. Thermo-viscoplastic with damage model yields much lower stresses near the free edge compared to elastic solutions. In nature when the stress at a point level reaches the yield stress that point transfers some of its load to the neighboring point. As a result, in real life stress values can never exceed yield stress and stress singularity cannot exist. Thermo-viscoplastic with damage model yields a much lower shear stress distributed over a much wider area, compared to a very narrow band of shear stress in elastic analysis. The shear stress is distributed over about 50 percent of the interface compared to 10 percent in elastic analysis. In viscoplastic with damage analysis the shear stress is not mesh sensitive. Figure 7 exhibits some mesh sensitivity albeit significantly less compared to the elastic analysis.
The stress-strain distributions show that when the multilayered structure is under thermal or mechanical loading, shear and peeling stresses and strains are usually built up near the free edge. Shear stress causes the dislocation and plastic sliding to be accumulated, and the peeling stress leads to the tensile failure. Thus it naturally follows that failure will initiate from free edge, and develop toward the inside of the interface.
Near the free edge as the stress exceeds the yield stress the material cannot carry the high stresses and it yields. As a result, high stresses are redistributed to the neighboring points. This redistribution process continues until the system reaches an equilibrium state on the yield surface. Hence, viscoplastic analysis yields a much smoother shear stress distribution with a small gradient compared to elastic analysis.
In elastic analysis, the sharp peak near the free edge is dramatic, indicating some deviation from real material response. In viscoplastic analysis, however, the change in the value of stresses toward the edge is much smoother, which indicates the development of inelastic deformation and stress redistribution along the interface.
Comparison With Experimental Analysis
A Ball Grid Array ͑BGA͒ package was tested in thermal cycling and plastic strain field was measured by high sensitivity Moire interferometry. The specimen cross section is shown in Fig.  10 . It has a multilayered structure, with three major layers connected by two layers of BGA solder joints. All the solder joints are Sn63/Pb37 eutectic solder alloy. The solder joints of interest are at the bottom layer which bonds two layers with significantly different coefficients of thermal expansion ͑CTE͒-the FR4 layer and the long chain directional polymer layer. These solder joints have been observed to be the most vulnerable interconnections of the entire device. The CTE of the polymer is about 5 orders bigger than the FR4. There are tiny thin copper metallization layers inserted in the polymer, which actually bond to the solder joints.
The specimen was thermally cycled in a high capacity Super AGREE environmental chamber between Ϫ55°C and 125°C. The temperature changing rate was 20°C/min, the holding time at each extreme end was 12 min, and the period of one cycle was 42 min. The temperature history is shown in Fig. 11 . Before cycling, the specimen was used to initialize the interferometry system, i.e., to get a null field of the image which represents a zero deformation field. The whole optical system was then isolated and kept untouched during the testing procedure. A special high precision device was developed to register the position of the specimen, so that each time the specimen was taken away for thermal cycling, we were able to put it right back at the same position. Another fixture was designed to secure the specimen through the testing and to keep the boundary condition of the specimen unchanged through the entire testing procedure. The technique developed here guaranteed that the temperature gradient was the only loading, and the measured displacement truly represented the irreversible plastic deformation of the specimen.
The specimen was exposed to thermal cycling for certain cycles, then it was taken out to measure the irreversible deformation. It was then put back to the chamber for further cycling. For Transactions of the ASME each measurement, the total irreversible deformation was recorded and average strain at each solder joint was calculated. The whole field images of half of the specimen are shown in Fig. 12 and Fig. 13 for the deformation after one cycle. It is also obvious that shear strain gradually increases from the center solder joint ͑solder 10͒ to the edge solder joint ͑solder 1͒, counting from the free edge to the center. Figure 14 shows the average accumulative irreversible shear strain distribution of the solder joint layer at 1st, 2nd, 4th, 6th, 10th, 14th and 20th cycles. As we can see from Fig. 14 there is no jump near the free edge, the change in strain as we get closer to the edge is gradual. Experimental results indicate that stress distribution obtained in elastic analysis is unrealistic.
Conclusions
Analytical, elastic FEM, viscoplastic, and a damage mechanics based thermo-viscoplastic model are used to study the stress analysis of multilayered structures.
The stress distribution along the interface shows that both shear and peeling effect play important roles in causing the final failure of the structure that is easily to be triggered at the free edge due to the stress concentration.
Suitable mesh refinement has to be satisfied in order to achieve reliable results. Careful selection of material model for the different parts of the structure may reduce the degree of sensitivity, and yield better results with fewer elements.
The elastic FEA analysis is highly mesh sensitive for laminated structures. Hence, using elastic FEA to validate closed-form solutions quantitatively is misleading. The maximum stress levels obtained from viscoplastic model are significantly lower than elastic analysis. Using elastic finite element analysis or elastic closedform solution to design laminated microelectronics packaging leads to very conservative designs. Therefore, performing inelastic analysis of laminated assembly using damage mechanics based models is essential for final design.
Thermo-viscoplastic with damage analysis results in a more accurate stress diagram along the adhesive layer. In elastic analysis shear and peeling have very high gradients near the free edge at a very narrow region. Qualitative comparison with the experimental results indicate that analysis with viscoplastic damage models yield more realistic results in terms of actual stress distribution profile. 
